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RFHDQ H[SORUDWLRQ DQG REVHUYDWLRQ 7KH\ DGMXVW WKHLU EXR\DQF\ WR GLYH DQG WR UHWXUQ WR WKH RFHDQ VXUIDFH
'XULQJ WKHFKDQJHRIDOWLWXGH WKH\XVH WKHK\GURG\QDPLF IRUFHVGHYHORSHGE\ WKHLUZLQJV WRPRYHIRUZDUG
7KHLU IOLJKWV DUH FRQWUROOHGE\FKDQJLQJ WKHSRVLWLRQRI WKHLUFHQWHUVRIJUDYLW\ DQG WKHLUEXR\DQF\ WR DGMXVW
WKHLU WULPDQGKHHODQJOHV)RUEHWWHU IOLJKWFRQWURO WKHXQGHUVWDQGLQJRI WKHK\GURG\QDPLFEHKDYLRUDQG WKH
IOLJKWPHFKDQLFVRIWKHXQGHUZDWHUJOLGHULVQHFHVVDU\$'2)PRWLRQVLPXODWRULVFRXSOHGZLWKDQXQVWHDG\
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*; 3RVLWLRQ YHFWRU IURP E2  WR JOLGHU FHQWHU RI
JUDYLW\LQERG\UHIHUHQFHIUDPH














8QGHUZDWHU JOLGHUV DUH D UHFHQW LQQRYDWLRQ RI $XWRQRPRXV
8QGHUZDWHU9HKLFOHV $89V XVHG LQ RFHDQ H[SORUDWLRQ DQG
REVHUYDWLRQ7KLVW\SHRI$89VDOORZVIRUORQJUDQJHDQGRU
H[WHQGHG GXUDWLRQ GHSOR\PHQWV VHH LWV PLVVLRQV DV LQ
%DFKPD\HU HW DO  )UDMND:LOOLDPV HW DO  DQG
5DPS HW DO  7RGD\ WKHUH DUH WKUHH ZHOONQRZQ







7KHXQGHUZDWHU JOLGHUVXVH VPDOO FKDQJHV LQ WKHLUEXR\DQF\
WRGLYHDQGWRUHWXUQWRWKHRFHDQVXUIDFH'XULQJWKHFKDQJH
RI DOWLWXGH WKH XQGHUZDWHU JOLGHUV OLNH DLU JOLGHUV XVH WKH




RWKHU W\SHV RI $89V 7KH ORZ HQHUJ\ FRQVXPSWLRQ RI WKH
SURSXOVLRQ V\VWHP HQDEOHV ORQJ GXUDWLRQ RSHUDWLRQV 6WXGLHV
DUH DOVR EHLQJ FRQGXFWHG WR XWLOL]H RFHDQ WKHUPDO HQHUJ\ WR
SURSHO XQGHUZDWHU JOLGHUV LQ RUGHU WR H[WHQG WKH RSHUDWLRQ
WLPHDVQRWHGE\.RQJHWDO ,QVSLWHRIQRH[WHUQDO
PRYLQJ SDUW DSDUW IURP WKH 6ORFXP (OHFWULF ZKLFK LV
HTXLSSHG ZLWK DQ DGMXVWDEOH UXGGHU WKH XQGHUZDWHU JOLGHU
IOLJKWVDUHFRQWUROOHGE\FKDQJLQJWKHSRVLWLRQRIWKHFHQWHURI
JUDYLW\ DQGRU EXR\DQF\ WR DGMXVW WKH WULP DQG KHHO DQJOHV
%HQGHUHWDO 
6HYHUDO UHVHDUFK VWXGLHVZLWK UHVSHFW WR WKH DXWRPDWLF IOLJKW
FRQWURORIXQGHUZDWHU JOLGHUVKDYHEHHQH[DPLQHG DV LQ WKH
VWXGLHV FRQGXFWHG E\ %KDWWD DQG /HRQDUG  
+RZHYHUPRVWLIQRWDOORIWKHXQGHUZDWHUJOLGHUDXWRPDWLF
IOLJKWFRQWUROVHPSOR\DTXDVLVWDWLFHPSLULFDOK\GURG\QDPLF
PRGHO *UDYHU HW DO  .DQ HW DO  DQG QHHG
K\GURG\QDPLF FRHIILFLHQWV LGHQWLILFDWLRQV *UDYHU 
*HLVEHUW  
6WHUQH WKH JOLGHU QDPHG DIWHU WKH VHDELUG 6WHUQXOD
VXSHUFLOLDULV DQG GHYHORSHG E\ (QVWD%UHWDJQH VKRZHG
XQH[SHFWHGEHKDYLRUZKHQHTXLSSHGZLWKDWRRVPDOOYHUWLFDO
VWDELOL]HUDWLWVVWHUQ$VWKHFHQWHURIJUDYLW\ZDVUHORFDWHGWR
VWDUERDUG LQ RUGHU WR PDNH WKH JOLGHU KHHO DQG WXUQ WR WKH
VWDUERDUGGLUHFWLRQLWGLGKHHODVH[SHFWHGEXWWXUQHGWRSRUW






LQ RUGHU WR FRUUHFW WKH SLORW DQG DYRLG IXWXUH
XQH[SHFWHGEHKDYLRU SUREOHPVZKLFKPD\ FDXVH WKH ORVV RI
WKHGHYLFH 
)LUVWO\ D QHZSDUDPHWULFPRGHOZDV GHYHORSHGZLWK D VROLG
DQG IOXLG LQHUWLD PDWUL[ PDVV DQG DGGHG PDVV ZKLFK ZDV
SURSHUO\ FRPSXWHG DFFRUGLQJ WR WKH JHRPHWU\ DQG WKHPDVV
GLVWULEXWLRQ 7KH (XOHU1HZWRQ HTXDWLRQV VROYHU ZDV WKHQ
FRXSOHG ZLWK D WUXH XQVWHDG\ K\GURG\QDPLF VROYHU 7KH
HPSOR\HGK\GURG\QDPLFVROYHULVDQXQVWHDG\SRWHQWLDOIORZ
VROYHU XVXDOO\ XVHG IRU IRLO DQG SURSHOOHU DSSOLFDWLRQV
$OWKRXJK WKH SRWHQWLDO IORZ PRGHO KDV D VWURQJ K\SRWKHVLV
DQG LW LV LQ SULQFLSOH SRVVLEOH WR FRXSOH WKH PRWLRQ VROYHU
ZLWK D 5$16( VROYHU VXFK D VLPXODWRU FRQVXPHV D ORW RI
FRPSXWDWLRQWLPHDQGUHVRXUFHVHHIRUH[DPSOH0XUPDQHWDO
DQGLVQRWVXLWDEOHIRUVLPXODWLRQVRIORQJHUGXUDWLRQ
0RUHRYHU WKH JOLGHU DOZD\V RSHUDWHV DW VPDOO DQJOHV RI
LQFLGHQFHDQGLVQRWVXEMHFWWRVLJQLILFDQWIORZVHSDUDWLRQ7KH
DVVXPSWLRQV RI SRWHQWLDO IORZ WKHRU\ DUH WKXV UHVSHFWHG DQG
WKH IULFWLRQ IRUFHV DUH FRPSXWHG IURP WKH SRWHQWLDO IORZ
YHORFLWLHV 7KH FRPSXWLQJ WLPH WDNHQ E\ WKLV VROYHU LV RI
FRXUVHLPSHUDWLYHFRPSDUHGWRWKHQHJOLJLEOHWLPHLQYROYHGLQ
WKHSDUDPHWULFPRGHOEXWUHPDLQVUHDVRQDEOH 
0RVW VLPXODWLRQV XWLOL]LQJ WKH ERWK DSSURDFKHV SURGXFH
FRPSDUDEOHUHVXOWV+RZHYHUWKHFRXQWHUVWHHULQJEHKDYLRURI
WKH JOLGHU HTXLSSHG ZLWK D WRR VPDOO YHUWLFDO VWDELOL]HU FDQ
RQO\EHREWDLQHGZKHQWKHUHDOK\GURG\QDPLFVROYHULVXVHG 
1XPHULFDOPRGHOV
6LQFH LW LV WKH SULQFLSDO DLP RI WKH QXPHULFDO PRGHO WR
VLPXODWH WKH WUDMHFWRU\ RI WKH 6WHUQH JOLGHU WKH PRGHOV DQG










JUDYLW\ ZLWK UHVSHFW WR WKH ERG\ UHIHUHQFH IUDPH FDQ EH
GHWHUPLQHGIURPWKHIOLJKWFRQWUROFRPPDQGWKHXQNQRZQV
RI WKH V\VWHP DUH WKH WUDQVODWLRQ DQG WKH DQJXODU
DFFHOHUDWLRQV  E E2 5
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6 LV WKH VNHZV\PPHWULF
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ILF3  DQG ILF4  DUH WKH ILFWLWLRXV IRUFH DQG PRPHQW DQG
GHILQHGDV
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7KHH[WHUQDOIRUFHVDQGPRPHQW H[W3  H[W4 RIWKHJOLGHUDUH
WKHJUDYLW\ WKHEXR\DQF\DQGWKHK\GURG\QDPLFIRUFHVDQG
PRPHQWV K\GUR3  K\GUR4 
H[W K\GURP ρ − ∇ 3 J J 3 
H[W * * K\GURP ρ × − ∇ × 4 ; J ; J 4 
%HFDXVHRI WKHPRELOH LQQHUPDVV DQG WKHEDOODVW WDQN WKH
PDVVFDQYDU\ZLWKWLPHDQGWKHLQHUWLDPDWUL[  EP 2,  KDVWR
EHUHFRPSXWHGDWHDFKWLPHVWHS6LQFHWKHEDOODVWZDWHUKDV
DQLPSDFWRQWKHPDVVEXWQRWRQWKHRXWHUERG\JHRPHWU\
WKH DGGHG PDVV PDWUL[ DQG FHQWHU RI EXR\DQF\ GR QRW
FKDQJH
+\GURG\QDPLFPRGHO
$QXQVWHDG\ IORZ%RXQGDU\(OHPHQW0HWKRG %(0 FRGH
LVXVHGWRFRPSXWHWKHK\GURG\QDPLFIRUFHV K\GUR3  K\GUR4 
,QVXFKPHWKRGVWKHIORZLVDVVXPHGSRWHQWLDOLHLQYLVFLG
DQGLUURWDWLRQDO7KHERXQGDU\FRQGLWLRQRQWKHVXUIDFHLVD
VOLS FRQGLWLRQ  u  9 Q  ,Q RUGHU WRPRGHO OLIWLQJ ERGLHV
VXFKDV WKH VKDUSWUDLOLQJHGJHZLQJV WKH.XWWD-RXNRZVNL
ERXQGDU\ FRQGLWLRQ LV DSSOLHG 7KH VSDWLDO DQG WLPH
GLVFUHWL]DWLRQ VHQVLWLYLW\ RI WKH FRGH LVZHOOPDVWHUHG 7KH
FRGHKDVEHHQYHULILHGDQGH[SHULPHQWDOO\YDOLGDWHGVHYHUDO
WLPHV LQ WKH SDVW IRU H[DPSOH 3KRHPVDSWKDZHH HW DO
 7KH FRGH EHORQJV WR ZKDW +RHLMPDNHUV 
UHIHUUHGWRDV³6HFRQGJHQHUDWLRQ´SDQHOPHWKRGVLQYROYLQJ
D 'LULFKOHW FRQGLWLRQ 7KH VXUIDFHV RI ERWK OLIWLQJ DQG
QRQOLIWLQJ ERGLHV DUH GLVFUHWL]HG LQWR ILUVW RUGHU SDQHOV
FDUU\LQJFRQVWDQWVRXUFH σ  DQGGRXEOHW μ   GLVWULEXWLRQV
7KHZDNHV GHYHORSHG EHKLQG WKH OLIWLQJ ERGLHV DUH IRUPHG
ZLWK VKHHWV RI ILUVW RUGHU SDQHOV FDUU\LQJ FRQVWDQW GRXEOHW
GLVWULEXWLRQ 7KH ZLQJV ZDNH JHRPHWU\ LV QDWXUDOO\
GHVFULEHGVLQFHLWLVJHQHUDWHGLQD/DJUDQJLDQPDQQHU 
,Q UHJDUG WR WKH YLVFRXV HIIHFWV RQO\ WKH IULFWLRQ IRUFH LV
WDNHQ LQWR DFFRXQW 1HLWKHU VHSDUDWLRQ IORZ QRU ERXQGDU\
OD\HU HIIHFW LV WDNHQ LQWR DFFRXQW 7KH ORFDO IULFWLRQ
FRHIILFLHQW I&  LV GHILQHG DV D IXQFWLRQ RI WKH ORFDO
5H\QROGV QXPEHU   V5H 9 V V υ −  ZKHUH V  LV WKH
FXUYLOLQHDU FRRUGLQDWH V  WKH VWDJQDWLRQ ORFDWLRQ DQG υ 
WKHNLQHPDWLFYLVFRVLW\,IWKHORFDO5H\QROGVQXPEHULVOHVV
WKDQ ×  WKH IORZ LV VXSSRVHG WR EH ODPLQDU DQG WKH
IULFWLRQ FRHIILFLHQW LV WDNHQ IURP WKH %ODVLXV VROXWLRQ
I V& 5H  (OVH WKH IORZ LV VXSSRVHG WR EH
WXUEXOHQWDQGWKHIULFWLRQFRHIILFLHQWLVGHWHUPLQHGIURPWKH
3UDQGWO WXUEXOHQW VNLQ IULFWLRQ I V& 5H  %\
LQWHJUDWLRQRYHU WKHSDQHOV WKHUHVXOWDQWIULFWLRQIRUFHVDQG
PRPHQWVDUHDGGHGWR WKHK\GURG\QDPLFIRUFHV8QOLNHWKH





SRWHQWLDO IORZ FRGH 7KH DGGHG PDVV IRUFHV DQG PRPHQWV
DUH WKHQ FRPSXWHG IURP WKLV PDWUL[ DQG WKH DFFHOHUDWLRQ
YHFWRU )LQDOO\ WKH VWRUGHU (XOHU H[SOLFLW QXPHULFDO
VFKHPHLVDSSOLHGIRUWKHWLPHYDULDWLRQLQWKHSRWHQWLDOIORZ
FRPSXWDWLRQ
$V PHQWLRQHG LQ WKH LQWURGXFWLRQ PRVW RI WKH XQGHUZDWHU
JOLGHU IOLJKW FRQWUROV XVH D TXDVLVWDWLF HPSLULFDO
K\GURG\QDPLF DSSURDFK IRU ZKLFK WKH K\GURG\QDPLF
FRHIILFLHQWV ZHUH LGHQWLILHG IURP H[SHULPHQWDO UHVXOWV $
TXDVLVWDWLF K\GURG\QDPLF PRGHO DSSURDFK KDV DOVR EHHQ
ZULWWHQ ,Q WKH VLPSOH K\GURG\QDPLF DSSURDFK WKH OLIW / 




/ & 9 $ρ   DQG 
'
' & 9 $ρ 
ZKHUH 9  LV WKH IRLO LQFLGHQW YHORFLW\ DQG $  LV WKH IRLO
SODQIRUPDUHD7KHOLIWFRHIILFLHQW /&  DQGWKHLQGXFHGGUDJ















ZKHUH α  LV WKH DQJOH RI DWWDFN LQ UDGLDQ DQG Λ  LV WKH
DVSHFWUDWLR:KHQWKHJOLGHUUROOVDURXQGLWVD[LVWKHDQJOHV
RI DWWDFN VHHQ E\ WKH VHFWLRQV DORQJ LWV ZLQJ VSDQ GR QRW
KDYH D XQLIRUP GLVWULEXWLRQ 7KH LQGXFHG K\GURG\QDPLF




4 9 FEπ ρ ω − 
ZKHUH ω  LVWKHJOLGHUDQJXODUYHORFLW\DORQJWKHJOLGHUD[LV
F  LVWKHIRLOFKRUGDQG E  LVWKHIRLOVSDQ
,Q DGGLWLRQ WR WKH SUHVVXUH IRUFHV IULFWLRQ IRUFHV PXVW EH
WDNHQLQWRDFFRXQW7KHSULQFLSDOGUDJIRUFHRIWKHJOLGHULV
WKH IULFWLRQRQ WKHJOLGHUVXUIDFHDORQJ WKHJOLGHUD[LV7KH
IULFWLRQ IRUFH LV FRPSXWHG XVLQJ WKH VDPH IRUPXODH DV
SUHYLRXVO\EXW DSSOLHG WR DQHTXLYDOHQW IODWSODQH VLQFH WKH
ERG\ JHRPHWU\ LV QRW H[SOLFLWO\ UHSUHVHQWHG E\ D VXUIDFH
PHVK 7KH DGGHG PDVV IRUFHV DQG PRPHQWV RI WKH PDLQ
ERG\DUHFRPSXWHGDVIRUWKH%(0FRGHDQGDUHLJQRUHGIRU
WKHOLIWLQJERGLHVZLQJVDQGVWDELOL]HU 
,Q VXPPDU\ WKH VLPSOH SDUDPHWULF K\GURG\QDPLF PRGHO
LQFOXGHV OLIWDQGGUDJJHQHUDWHGE\ WKH OLIWLQJERGLHV PDLQ
ZLQJDQGVWDELOL]HUIRUDVWHDG\VWDWHIORZ7KHPDLQZLQJ
VSDQZLVH K\GURG\QDPLF PRPHQW JHQHUDWHG E\ WKH JOLGHU
KHHOLQJPRWLRQ LV DOVR LQFOXGHG 7KH IULFWLRQ IRUFHV RQ WKH
OLIWLQJ ERGLHV DUH LJQRUHG 7KH D[LDO IULFWLRQ IRUFH RQ WKH
PDLQ ERG\ LV FRPSXWHG DV D IXQFWLRQ RI WKH 5H\QROGV
QXPEHUDQGLVDSSOLHGWRWKHFHQWHURIEXR\DQF\7KHDGGHG
PDVV PDWUL[ LV FRPSXWHG ZLWK D GHGLFDWHG SRWHQWLDO IORZ
FRGH DQG WKH DGGHG PDVV IRUFHV RQO\ GHSHQG XSRQ WKH
DFFHOHUDWLRQ YHFWRU *UDYLW\ DQG EXR\DQF\ IRUFHV DQG
PRPHQWVDUHLQFOXGHGLQWKHG\QDPLFPRGHO 
7KH SRWHQWLDO PRGHO FRPSXWHV OLIW GUDJ DQG PRPHQW
JHQHUDWHG E\ WKH OLIWLQJ ERGLHV PDLQ ZLQJ DQG VWDELOL]HU
LQFOXGLQJ WKH XQVWHDG\ FRPSRQHQW DQG WKH IULFWLRQ 7KH
IULFWLRQ IRUFH DQGPRPHQWRQ WKHPDLQERG\DUH FRPSXWHG




RQO\ GHSHQG XSRQ WKH DFFHOHUDWLRQ YHFWRU *UDYLW\ DQG
EXR\DQF\ IRUFHVDQGPRPHQWVDUH LQFOXGHG LQ WKHG\QDPLF
PRGHO
7KHPDLQ GLIIHUHQFH EHWZHHQ WKH WZR K\GURG\QDPLF FRGHV
OLHV LQ WKHZD\ WKH OLIWLQJERGLHV ZLQJV DQG VWDELOL]HU DUH
PRGHOHG IXOO\ XQVWHDG\ LQ WKH SRWHQWLDO IORZ FRGH DQG
TXDVLVWDWLF LQ WKH SDUDPHWULF FRGH 7KH PDLQ ERG\ LV
H[SOLFLWO\PRGHOHGLQWKH%(0FRGH+HQFHLWVHIIHFWRQWKH
ZLQJ LV WDNHQ LQWR DFFRXQW DQG WKH IULFWLRQ IRUFHV DQG
PRPHQWV FDQ EH FRPSXWHG ZKLOH WKH IULFWLRQ HIIHFW LV QRW
PXFKPRUHWKDQDGUDJFRHIILFLHQWLQWKHSDUDPHWULFPRGHO
'\QDPLFK\GURG\QDPLFFRXSOLQJPHWKRG
7KH VLPXODWLRQ VFKHPH LV H[SODLQHG KHUH 7KH SDUDPHWULF
VLPXODWRUFDQHDVLO\VWDUWZLWKD]HURLQLWLDOYHORFLW\$WILUVW
RQO\ WKH JUDYLW\ IRUFH FDXVHV WKH PRWLRQ EXW WKH
K\GURG\QDPLFIRUFHVEXLOGXSRQFHWKHJOLGHUVWDUWVWRPRYH
6WDUWLQJ WKH SRWHQWLDO VROYHU ZLWK D ]HUR LQLWLDO YHORFLW\ LV
DOVR SRVVLEOH EXW XQQHFHVVDULO\ WLPH FRQVXPLQJ 7KH EHVW
PHWKRG LV WR LQLWLDOO\ VHW WKH JOLGHU ZLWK D VPDOO QRQ]HUR
YHORFLW\ WRPLPLF WKH RSHUDWRU SXVKLQJ LW WR ODXQFK LW7KH
K\GURG\QDPLF PRGHO LV VROYHG ILUVW LQ RUGHU WR REWDLQ WKH
K\GURG\QDPLFIRUFHVLQWKHLQLWLDOFRQGLWLRQV6WDUWLQJIURP
WKH LQLWLDO FRQGLWLRQV SRVLWLRQV YHORFLWLHV K\GURG\QDPLF
IRUFHV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produce very similar results as expected. This will be the case 
for most trajectories simulations but in the next section, we 
will present a case where both approaches yield very different 
results. 
3.2 Helical trajectory 
In this section, an examination of the helical trajectory is 
explored and tested by commanding the glider to dive with 
positive trim and heel command angles with the intention to 
change the glider direction. In the example presented here, 
trim and heel command angles are both equal to 10 degrees. 
Three different geometries of the stabilizer are considered. 
The dimensions of the three stabilizers are illustrated in 
Fig.10. 
Fig.10 Dimensions of stabilizers 
The glider is expected to turn because of the lateral 
component of the main wing lift force when the glider is 
heeling. In the case of a positive heel angle as in these 
simulations, the glider is then expected to turn to the starboard 
direction. The obtained trajectories for both approaches are 
presented in Fig.11. Unlike the sawtooth simulations, the two 
approaches produce very different results. 
According to the numerical results of the simple approach, the 
glider moves to starboard as expected. The stabilizer size is 
only of little effect; the three trajectories are almost the same. 
The glider turns with the steering force generated by the main 
wing and the stabilizer generates the hydrodynamic moment 
to adjust the glider orientation to the incident inflow. However, 
this behavior is not always observed in reality. The glider 
Sterne (Ahmed-Ali et al. 2003) which was developed at 
Ensta-Bretagne experienced counter-steering behavior. The 
first Sterne model was lost during an experiment at sea 
because of this unexpected behavior. It was suspected that the 
stabilizer size was responsible for this. The new Sterne model 
equipped with a larger stabilizer does not present any 
counter-steering behavior. This is the reason why, in order to 
confirm the role of the stabilizer, we decided to cover 
different stabilizer geometries in this study. 
Fig.11 Top view of helical trajectory during 1000 seconds for 10° 
trim and 10° heel command angles; top with potential flow 
approach, bottom with simple approach 
The potential flow results retrieve the experimentally 
observed counter-steering behavior. The turning equilibrium 
conditions of the three stabilizers are compared in Table 1. 
These numerical results confirm that the stabilizer size plays 
an important role in this behavior. The smallest stabilizer 
(stabilizer I) causes the glider to turn to the counter-steering 
direction (the port direction in this case) while the other two 
do not. When the stabilizer is large enough (stabilizer III), the 
glider behaves as expected and predicted by the simpler 
approach. In the case of the intermediate size (stabilizer II), 
the stabilizer is not large enough to steer the glider properly. 
When the stabilizer is too small, it cannot produce enough 
hydrodynamic moment to counteract the counter-steering 
hydrodynamic moment. The counter-steering hydrodynamic 
moment is generated by the main wing lift lateral component 
pointing to starboard (see Fig.12) and the lateral force due to 
the body drifting pointing to port. If not sufficiently countered, 
the moment will make the glider Sterne turn to port because 
the body drifting drag force center is situated well in front of 
the wing. 
Table 1 Turning equilibrium conditions from the potential 
flow approach results; the gliding diving with 10° trim and 
10° heel command angle 
Stabilizer I II III 
Turning radius (m) 22 171 39 
Turning rate (deg/s) 0.88 -0.11 -0.48 
Advance speed (m/s) 0.334 0.339 0.329 
Diving speed (m/s) 0.062 0.058 0.056 
AOA of stabilizer (deg) 8.85 3.95 2.35 
AOA of main wing (deg) 1.68 1.55 1.63 
Heel angle (deg) 12.56 9.68 8.51 
Trim angle (deg) 7.08 7.51 7.67 
Fig.12 Force diagram in steering mechanics 
In this case the source of the counter-steering moment was 
hence generated by the lateral friction force on the drifting 
body. The simple hydrodynamic model does not have this 
lateral force because as described in section 2.2, in this simple 
parametric model, the friction is only applied along the main 
axis. Once it starts to turn to port, the stabilizer sees a flow 
from the port direction and its lift points to starboard 
generating a moment at port helping the glider to find a stable 
route in the port direction. 
With higher accelerations, the added mass tensor could take 
over this effect. The way the body added mass tensor is taken 
into account is the same for both models. In such cases, both 
models would see the same counter steering moment but it 
does not necessarily imply that they would predict the same 
trajectory because of the fluid inertia effect on the lifting 
bodies. In the simple model, the hydrodynamic moment 
generated by the stabilizer is fully perceived as soon as the 
glider heels without any delay. In the potential flow 
simulations, there is a delay between the geometric position 
and the hydrodynamic response. This delay exists because of 
the fluid inertia applied by the stabilizer. Because of this delay, 
if the stabilizer counteracting moment is not strong enough, 
the glider could find the time to position itself in the other 
equilibrium state causing the counter-steering behavior. 
In principle, it is possible to add such effects and other effects 
in a parametric model. For instance, we could add the 
interaction between the glider body and its appendages using 
a correction factor as suggested by Caldeira and Clarke (1988). 
Adding some of these parameters would not significantly 
increase CPU time, but it would rapidly make the parametric 
model look like a patchwork difficult to control and maintain. 
Before any additional parameter is included within the 
parametric model, its importance and effect have to be clearly 
identified. Furthermore, not all effects are easily replaced by a 
simple model involving a single parameter. The lateral friction 
drag for instance depends on the Reynolds number but also on 
the body geometry. Although the potential flow simulator 
does not take all the physics into account, it can be used as a 
numerical towing tank facility to improve the simulator, i.e. 
the parametric model. Its CPU time is not negligible 
compared to the simple hydrodynamic code but it consists of 
a stage between the parametric model and the experimental 
trials. 
4 Computation resource consumption 
We now consider the underwater glider equipped with the 
stabilizer III to simulate a non trivial trajectory. The objective 
is to simulate a helical diving trajectory followed by a 
surfacing contra-rotating helical trajectory. As in the previous 
simulations, the glider is launched with a 0.2 m/s horizontal 
velocity in the bx - positive direction. The heel command 
angle is fixed at 20 degrees. The trim command and the 
ballast are varied alternatively every 1100 seconds. For the 
first 1100 seconds, the trim command angle is 10 degrees and 
the ballast takes the water in for diving. For the next 1100 
seconds, the trim command angle is -10 degrees and the 
ballast drains the water off for surfacing. The total duration of 
the simulation is 2332 seconds and takes 20000 time steps. 
This simulation involves about 24 hours of computation time 
on a standard workstation (CPU 4 cores with 2.66 GHz).   
5 Conclusion and perspective 
An Euler-Newton equations solver is coupled with a potential 
flow code to simulate 6-DOF trajectories of underwater 
gliders. This simulator can be used to study the hydrodynamic 
behavior of gliders in order to improve the automatic flight 
control and to optimize the geometry of the glider. A 
numerical study of the hydrodynamic behavior of an 
underwater glider has been conducted. All results are 
compared with a simple parametric simulator. A series of 
simulations considering sawtooth trajectories was first 
conducted. In this case both simulators presented very similar 
trajectories. As expected, the glider velocity varies as a 
function of the trim angle. To confirm a behavior observed 
experimentally, a second series of simulations examining the 
glider steering was conducted. The potential flow simulator 
shows that the stabilizer geometry plays an important role in 
steering control. Inappropriate stabilizer geometry can cause 
counter-steering behavior that the parametric simulator cannot 
anticipate. A non trivial case was finally presented to 
demonstrate the capabilities of the potential flow based glider 
simulator. Enhancing the parametric model with additional 
features is easy, but simple models are the best way to 
determine which physical effect is really important. The 
potential flow code is a good practical tool to simulate 
complex trajectory patterns and to verify whether the 
parametric code predicts the same trajectory. However, further 
validations utilizing real data and experimental model testing 
are necessary to increase confidence in the potential simulator 
before it can be adopted as a template for the parametric 
model enhancements.  
Fig.13 Example of trajectory simulation for a real-time duration 
of 2332 seconds, of which the CPU time is about 24 hours on a 
standard PC (the glider appears 10 times bigger than it is) 
Good quality experimental results will be extremely difficult 
to obtain. The behavior of the Sterne glider has been obtained 
from sea trials. The onboard instruments record the velocities, 
depth, heel and pitch angles. The trajectory is deduced from 
these data. There is no information concerning the 
environmental conditions at sea. To conduct a proper 
experimental investigation at scale 1, we would need a calm 
pool of water with very large dimensions. Although the glider 
is only 2 meters long, its gyration radius is about 30 meters. In 
Fig.13, the glider appears much larger than in reality as stated 
in the caption. We plan to perform some experimental trials 
on a reduced size model at the Ifremer tank facility in Brest. 
Since the scale cannot be too small, we will not be able to 
conduct anything resembling the case of Fig.13 in the tank. 
However, a full gyration is not necessary to study the 
counter-steering behavior. The scale of the experimental 
model is the key issue since it will be a compromise between 
several factors including the Reynolds number, manufacture 
and the observable trajectories in the Ifremer towing tank 
facility. 
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